Abstract The dependence of the elastic modulus and the longitudinal contraction on the NaOH fractional concentration [NaOH], which differs from each other, was discussed based on a quantitative model analysis using the rule of mixtures, a cell wall model, and a dual-phase model consisting of crystal and amorphous phases. The elastic modulus was formulated as a function of the degree of crystallinity of the decrystallized microfibrils. The [NaOH] dependence of the calculated elastic modulus shows good agreement with the experimental results in that the [NaOH] dependence differs before and after at [NaOH] = 0.12. The model analysis illustrates that the reduction property of the elastic modulus is dependent on whether the amorphous region created with the treatment transverses the originally crystalline region of the microfibrils or not: the concentration is [NaOH] = 0.12. This is attributed to the difference in the reduction property between the elastic modulus and the dimensional changes along the longitudinal axis of a wood sample at [NaOH] \ 0.12.
Introduction
NaOH treatment is well-known as mercerization that is the pretreatment of cellulose, by which the cellulose crystalline structure translates from cellulose I to cellulose II in the specified concentration region. Decrystallization and swelling perpendicular to the longitudinal axis of the cellulose chains are important factors in the mercerization process, and have thus been noted and discussed for NaOH treatment. However, structural changes along the longitudinal axis of the microfibrils of a decrystallized region have been little noted with a few reports [1] [2] [3] [4] . Nakano et al. [5] [6] [7] have reported that dimensions of wood sample induced with NaOH treatment change anisotropically, which is related to the longitudinal structural changes in the microfibrils embedded in the matrix of the wood cell wall. Ramie fibers also show significant contraction along the length of the material [8] . Changes in such shapes are due to the construction of the microfibrils, that is, the entropy elasticity force resulting from the temperature dependence [5, 8, 9] .
In the present work, the authors focus on the interesting fact found in the stress relaxation properties of wood samples treated with NaOH solution [10] . That is, the [NaOH] dependence of the elastic modulus in bending differs from that of a dimensional change: the former causes changes over the [NaOH] region which consists of two regions, whereas the latter remains unchanged at [NaOH] \ 0.12. This difference of [NaOH] dependences between the both is not elucidated and the mechanism of [NaOH] dependence of elastic modulus is also not clarified. Considering the decrystallization of cellulose microfibrils through NaOH treatment [7, 8, 11] , the change in elastic modulus is also related to that of the crystallinity of microfibrils in the wood. As the conversion from cellulose I to cellulose II through NaOH treatment hardly occurs in cell walls of a wood block, the difference does not relate to the conversion. In this connection, we report the interesting fact that the mechanically isolated single tracheid do convert from cellulose I to cellulose II through the NaOH treatment, although they have the same matrix content as the wood block [9] .
The elucidation in the present work will provide useful information regarding the decrystallization process of microfibrils in wood when applying NaOH treatment.
Materials and methods

Sample and measurement of elastic modulus
Samples with dimensions of 7.5 (R) 9 2 (T) 9 70 (L) mm were prepared from Yezo spruce (Picea jezoensis); here, R, T, and L indicate the radial, tangential, and longitudinal axes, respectively. The samples were then soaked in an aqueous NaOH solution with 0-0.20 fraction contents (0-20 %) after drying under a vacuum at 60°C overnight. They were then washed in distilled water for more than 2 weeks after being stored at room temperature for 2 days. Their changes in R, T, and L dimensions were measured and subjected to a bending measurement.
The bending measurement was carried out in a chamber at room temperature under wet conditions. The wet condition was adopted to avoid the effects of change in sample shape after drying on calculation of the elastic modulus, because shape of samples treated with NaOH solution, especially samples treated at [NaOH] C 0.12, significantly deforms after drying. This condition also allows the effect of lateral swelling of the microfibrils induced with NaOH treatment on the sample deformation to be negligible.
A load was supplied to the LR-plane. The elastic modulus in bending of the samples was calculated from a linear region in a stress-strain curve, which was conducted during three-point center-concentrated load bending with a 50-mm span.
Crystallinity of wood microfibrils
X-ray diffraction data were obtained on the LR-plane at 40 kV, 40 mA, and 2°/min to determine the degree of crystallinity of the wood samples, C w , which was calculated from the diffraction profile as a fraction of the crystalline reflection area to the gross area within a scanning range of 5-35°. In our modeling, the elastic modulus is described as a function of the crystallinity in the originally crystalline region in the microfibrils, n, where it is decrystallized through aqueous NaOH treatment.
Results and discussion
The [NaOH] dependence of the elastic modulus and dimensional change in the NaOH treatment Stress-strain curves of samples treated with NaOH solutions at various [NaOH] were similar to the results in the previous report [12] , where stress-strain in tension was measured for sliced veneers of the same wood species. Figure 1a, Nakano et al. [5] and Nakano [7] pointed out that the dimensional changes with NaOH treatment are primarily due to the decreasing crystallinity along the longitudinal axis of the microfibrils, thereby inducing dimensional changes along the longitudinal axis of the wood sample because of the entropy elastic force. Considering this mechanism, we should note in Fig. 1 that a dimensional change starts at [NaOH] [ 0.12, whereas the elastic modulus reduces over the [NaOH] range and its reduction is divided into two regions at [NaOH] = 0.12. Considering eluviation of matrix components such as hemicellulose was almost completed at [NaOH] \ 0.03 in the present treatment, we should expect the decrystallization and the change in microfibril angle (MA) as factors related to the difference between the change in the elastic modulus and dimensional change, particularly at [NaOH] \ 0.12. However, the latter is negligible for our discussion, because the change in MA induced with the NaOH treatment was from 13 to 17°for Yezo spruce [13] so that such a slight change in this MA region had little influence on the longitudinal modulus [14] . This implies that the decrystallization induced with the NaOH treatment has different effect on the change in the elastic modulus and dimensional change, particularly at [NaOH] \ 0.12.
We believe that the different effects are related to the decrystallization process and are based on the location of the decrystallization generated with the NaOH treatment. We therefore tried to examine the process of decrystallization with NaOH treatment using the rule of mixtures [e.g., 15, 16] , a cell wall model, and a dual-phase model consisting of crystal and amorphous phases [e.g., 2, [17] [18] [19] .
Relationship between elastic modulus of wood and microfibrils
First, to analyze the [NaOH] dependence of the modulus of the entire wood sample related to the amorphous region generated with the NaOH treatment, the elastic modulus of the entire sample needs to be represented as a function of the volume fraction of the microfibrils. This is formulated using the knowledge regarding the microstructure and the cell wall structure of the wood.
A derivation of the elastic modulus of an entire wood sample has been attempted based on both the wood itself and its cell structure using various procedures. The elastic modulus of an entire wood sample can be derived using the rule of mixtures when assuming that the wood consists of two phases: pores and wood substance [18] .
where E and E s are the elastic moduli of the entire wood sample and wood substance itself, respectively; q and q s are the density of both, and a is a structural parameter. The front factor in Eq. (1), q/q s , is equal to the volume fraction of the wood substance. Structural parameter a reflects the cell structure of the wood, such as the cell arrangement. For example, a = 1 for loading along the longitudinal stress axis, a = ca. 1.1 for the radial, a = ca. 1.4 for the tangential [18] . In the present work, a = 1 owing to the stress or strain along the longitudinal axis. Next, we derive the elastic modulus of wood cell substance, E s . The cell wall of the wood consists of primary and secondary walls which have three layers, S1, S2, and S3, as shown in Fig. 2 , which shows a schematic of the wood cell structure (Fig. 2a) and an S2 layer regarding a cell wall as a board (Fig. 2b) . We can approximately deal with the longitudinal elastic modulus in the two-dimensional space. The volume fraction of the S2 layer in the cell wall is 80 %, and thus the mechanical properties of the wood, particularly softwood, are mostly governed by the S2 layer. Additionally, the MA of S2 layer is so small, whereas those of S1 and S3 layers are at nearly a right angle. The longitudinal elastic modulus of softwood is thus governed by the S2 layer. We therefore assume that the longitudinal elastic modulus of the wood substance is approximately equal to that of the S2 layer:
S2 . This assumption also holds for treated samples as mentioned above, that is, the MA and its change induced with NaOH treatment is negligible in our discussion. 2 A schematic of the wood cell structure (a) and the microfibrils and matrix in an S2 cell wall (b). P, S1, S2, and S3 indicate the primary wall and secondary walls 1, 2, and 3, respectively; in addition L, 1, 2, and x indicate the longitudinal direction of the wood, the longitudinal direction of the microfibrils, the cross-section direction of the microfibrils, and the microfibril angle
The elastic modulus of the S2 layer along the longitudinal axis of an entire wood sample, E L S2 , is represented using the anisotropic elastic theory [19] ,
where x is the microfibril angle, E 1 and E 2 are the elastic moduli of the S2 layer along the longitudinal and perpendicular axes of the microfibril, respectively; G is the shear rigidity, and l 12 is the Poisson's ratio (Fig. 2b) . Here, the microfibril angle x in our work are so slight that approximately,
Considering Eqs. (1), (3) 
where f is the volume fraction of the S2 layer in the cell wall and f & 0.8, as mentioned above.
As shown in Eq. (4), the elastic modulus of an entire wood sample along the longitudinal axis, E L , is reduced to the elastic modulus of the S2 layer along the longitudinal axis of microfibrils, E 1 . In the S2 layer, the microfibrils and matrix are parallel to each other in the longitudinal direction. Additionally, the microfibrils consist of crystalline and amorphous regions of cellulose chains. Thus, we consider a schematic combination mode, as shown in Fig. 3 , where the amorphous region created with the NaOH treatment is added. We should note that these regions, i.e., the matrix, cellulose crystal, and amorphous regions, are not clearly distinguished, and that Fig. 3 does not show a real structure but rather the resultant combination mode in the S2 layer. Thus, E l is represented by
where E a , E ca , and E cc are the elastic moduli of the matrix and the originally amorphous and crystal regions of the microfibrils, respectively, and h and u are the volume fraction of the microfibrils and its crystalline region. As a result, the following equation is obtained.
Substituting values under dry condition, E a = 6 GPa [20] , E ca = 20 GPa [21] , E cc = 134 GPa [22] , h = 0.5, u = 0.7, q s = 1.50, n = 0.8, and q = 0.37 (the density of Yezo spruce) in Eq. (6) yields about 10 GPa. This value is near to the elastic modulus of Yezo spruce along the longitudinal axis. This calculation adopts the crystallinity of the microfibrils, i.e., u = 0.7, which was reported for various plants by Abe et al. [23] . The value that is generally used, i.e., u = 0.55, results in ca. 9 GPa, which is also near to the experimental value of Yezo spruce. This shows validity of Eq. (6).
Our interest is the value of elastic modulus after decrystallization. When the decrystallization proceeds, the elastic modulus of the originally crystal region with the amorphous region created with the NaOH treatment, E ccc , replaces E cc in Eq. (6). Then, derivation of E L is reduced to that of E ccc .
Derivation of the elastic modulus of decrystallized microfibrils based on the two-phase model
As mentioned previously, the decrystallization feature with NaOH treatment may have an influence on the elastic modulus of the entire wood sample, i.e., the locations of the crystal and amorphous regions in the microfibrils should govern the elastic modulus. This combination likely explains the difference between the dimensional changes and the elastic modulus along the longitudinal axis of the wood at [NaOH] \ 0.12, as shown in Fig. 1 , because the parallel residual crystalline region might influence the dimensional changes along the longitudinal axis of the microfibrils much more than the elastic modulus. From this viewpoint, we analyzed the elastic modulus of an entire wood sample along the longitudinal axis using the proposed model.
Assuming that the NaOH solution attaches to periodical defects along the longitudinal axis of the microfibrils and then diffuse into the originally crystalline region [5, 8] , the decrystallization in the longitudinal section of a microfibril proceeds during the NaOH treatment as shown schematically in Fig. 4 , in which is shown the two types of distribution of the amorphous region created through the treatment (Fig. 4c, d ). When this decrystallization proceeds, E ccc should be represented as a function of n which is the degree of crystallinity of the originally crystalline region in microfibrils: n = 1 for an untreated microfibril. Under our experimental conditions, the stress direction is approximately parallel to both the microfibrils and matrix as mentioned above. In the following discussion, the matrix, amorphous and crystalline regions of a microfibril are indicated by subscripts a, ca and cc, respectively. The amorphous region after the NaOH treatment consists of two regions, i.e., the originally amorphous region and the new amorphous region created in the original cc region through the NaOH treatment. Our interest is on the latter region. We expect that the new amorphous region has two types of distribution shown as a cylindrical model of a microfibril in Fig. 5a , b. The distribution of an amorphous region created through the NaOH treatment should depend on the diffusion of the NaOH solution.
To simplify our discussion, we regard the originally crystalline region of microfibrils as a cylinder and discuss the diffusion of aqueous NaOH using a plane through the center line. According to the cylindrical model, the distribution of a solution concentration is represented by a monotonically decreasing function of a position from the surface to the center after a sufficient period of time under a constant concentration on the boundary surface [24] . In our case, the solution does not uniformly diffuse from the boundary surface with constant concentration but from the located defect, so that the distribution cannot simply be described. However, the distribution is expected to be monotonic from the surface to the center. We thus assume that the distribution of the amorphous region created with diffusion of aqueous NaOH is linearly decreasing from the surface to the center in the local region on the plane of the longitudinal section.
We consider two types of distribution for the amorphous region created in the originally crystal region, where the mesh pattern on a plane through the x and y axes indicates an amorphous region created through the NaOH treatment (Fig. 5a, b) : the applied force acts along the y axis under loading. The difference between these two types is whether the amorphous region transverses the originally crystalline region of the microfibrils or not. Figure 5a , b shows a continuous crystal region along the longitudinal axis of the microfibrils, and the absence of such a region, respectively. The x axis is the position from the surface of the microfibrils; x = 0 and x = 1 indicate the center and surface in the originally crystalline region, respectively. The y axis is the longitudinal position of amorphousness generated with the NaOH treatment (see Fig. 4 ). The value on y coordinate at the center and surface is y 0 and y 1 , respectively. In Fig. 5a , y 0 = 0 and y 1 = a constant value, the decrystallization proceeds up to x = x 0 . The regions shown in Fig. 5a , b are divided into three regions to calculate the volume of the amorphous and crystal regions. The volume of the three regions shown in Fig. 5a , the created amorphous, residual crystalline, and originally crystalline regions, are V 1 , V 2 , and V 3 , respectively. In Fig. 5b , the volume are the flatly amorphous region (V 1 ), the slantingly amorphous region (V 2 ), and the residual crystalline region (V 3 ).
First, we discuss how to determine n necessary to calculate E ccc . According to Norimoto and Takabe [25] and Abe and Yano [23] , the weight fraction of both the microfibrils in wood and crystal region in microfibril are h w = 0.5 and u w = 0.7, respectively. Thus, the crystallinity of a gross wood, C w , is represented by
Thus,
As the measurement value, C w , is not necessarily true, we introduce the correction term, m;
Thus, using the measurement value, C w , we can determine parameter m by a best-fitting simulation, so that we obtain the crystallinity of the originally crystal region cc created with the NaOH treatment, n, as a function of C w .
Next, we discuss the distribution type shown in Fig. 5a . Applying the rule of mixtures to this combination, the elastic modulus along the longitudinal direction (y axis), E ccc , is represented by
where V 1 /V = (y 1 /3)(2 -x 0 -x 0 2 ) and V 3 /V = x 0 2 from calculation of the each volume shown in Fig. 5a . As the density of the amorphous and crystal regions in microfibrils are nearly equal, which are 1.47 and 1.59, respectively [14] , we can regard the volume fraction as the weight fraction. Thus, the crystallinity in the region cc, n, is approximately represented by
Thus, Eq. (10) reduces to
As we approximate that the distribution of the amorphous region decreases monotonically from the surface to the center, we put
Substituting Eq. (13) into Eq. (11), we have the following equation after approximately solving a quadratic equation:
Thus, E ccc described by Eq. (12) is confirmed which has parameters m and k. Accordingly, we obtain E L by putting E ccc instead of E cc in Eq. (6): E L has also parameters m and k.
Another distribution shown in Fig. 5b is easily obtained. Considering that the amorphous (V 1 ? V 2 ) and crystal (V 3 ) regions are combined in series, we have the following equation immediately,
Thus, we obtain E L by the same procedure as from Eq. (12) , which has only one parameter m.
The parameters m and k are determined by a best-fitting simulation using experimental data and E L calculated from Eqs. (12) and (15) derived above.
Simulation results and validity of modeling
Equations (12) and (15) were derived by assuming that the cause of the reduction with increasing [NaOH] (or with decreasing in the crystallinity) is due to the combination of the crystal and amorphous regions through NaOH treatment. Applying Eqs. (12) and (15) to below and above [NaOH] = 0.12, respectively, the calculation results were fitted to the experimental results. Considering experimental data under wet condition [20] , the values in Eq. (6) are E a = 2 GPa, E ca = 5 GPa under, E cc = 134 GPa, h = 0.5, u = 0.7, n = 0.8, q s = 1.50, and q = 0.37.
The solid lines in Fig. 6 show the best fitting of the simulation as functions of the [NaOH] (Fig. 6a) and the relative crystallinity of the microfibrils based on the value at [NaOH] = 0.00 (Fig. 6b) , respectively. The simulation results are not perfect, but are mostly in agreement with the experimental results. The best-fitting value of parameter were m = 0.849 and k = 0.610. We find that a reduction of the elastic modulus occurs over [NaOH], which is divided into two parts at [NaOH] = 012: the reduction at a lower [NaOH] is graduate and the other remarkable.
Cause of the difference between the elastic modulus and dimensional changes
The agreement between the calculation and experimental results shown in Fig. 6 implies that the amorphous region created through the NaOH treatment has a monotonically decreasing distribution from the surface to the center in the cc region, and that the amorphous region perfectly transverses the region at [NaOH] [ 0.12 after increasing in [NaOH] (Fig. 5a, b) . This mechanism explains not only the [NaOH] dependence of the elastic modulus, but also the difference in the [NaOH] dependence between the elastic modulus and the dimensional changes.
A continuous crystal region along the longitudinal axis of the microfibrils remains in the cc region at [NaOH] \ 0.12 ( Fig. 5a ), although the amorphous region increases with an increase in [NaOH] . This longitudinally continuous crystal region is sufficiently rigid to restrict the contraction by the amorphous region created with the NaOH treatment, thereby preventing the microfibrils from shrinking the wood sample, whereas such an inhibitory factor is lost at [NaOH] [ 0.12 in which the microfibrils do easily shrink the wood sample (Fig. 5b) . On the other hand, the elastic modulus gradually decreases with an increase in the degree of amorphousness, as represented in the above equations. However, the tendency of this reduction changes at [NaOH] [0.12 because of the significantly different contribution of the decrystallization between below and above [NaOH] = 0.12.
Conclusion
A reduction of the elastic modulus occurs through NaOH treatment, and is divided into two parts at [NaOH] = 012. This reduction mechanism was described based on a quantitative analysis using the rule of mixtures, a cell wall model, and a dual-phase model consisting of crystal and amorphous phases, and the difference between the [NaOH] dependence of the dimensional and elastic modulus changes was then discussed.
Two equations describing the elastic modulus of a wood sample were derived by assuming that the cause of this reduction is due to the combination of the crystal and amorphous regions in microfibrils created with NaOH treatment. Applying these equations to below and above [NaOH] = 0.12, they were not perfect but were mostly in agreement with the experimental results.
